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ABSTRACT 
 
 
Apatite (U-Th)/He thermochronology is among the most powerful techniques used to 
resolve low-temperature near-surface thermal histories, but issues remain regarding the 
interpretation of age data that must be addressed as the method continues to move forward. 
These issues crop up as the problem of age dispersion: the fact that some rocks have wide 
variations in the apatite (U-Th)/He (AHe) ages they yield, often far outside the analytical 
error expected. These unresolvable data sets thus cast doubt the usability of AHe dating in 
certain geologic environments. New AHe ages, analyzed by the continuous ramped heating 
(CRH) method (Idleman et al., 2017; McDannell et al., 2017) show a range of different 
possible diffusive behaviors of helium, and correspondingly different levels of age 
dispersion. Using a newly developed sample characterization method, geometrically 
necessary dislocation (GND) densities have been calculated from apatites from these same 
samples. These measurements were made in order to understand the role dislocations or other 
crystallographic microstructures play in causing age dispersion. The data from this method 
do not show any simple correlation between GND density and average age or any other 
metric used to characterized apatite samples. Further work will be needed to develop this 
method and generate a larger dataset.  
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1. INTRODUCTION 
Age dispersion is a problem that has plagued U-Th/He thermochronology since its 
early development. It is generally observed in settings where cooling happened slowly over 
geologic time, or else where other processes have interfered with the normal accumulation of 
radiogenic helium. While it is certainly important to identify the geologic environments in 
which age dispersion most often occurs, we ideally want to characterize the mechanisms 
through which the dispersion arises, with the hope that true AHe cooling ages could be 
derived.  
A number of mechanisms have already been identified that could result in changes in 
apatite He diffusivity and therefore age dispersion.  Radiation damage (Shuster et al., 2006; 
Flowers et al., 2009), grain size effects (Farley et al., 2000; Brown et al., 2013), and zonation 
(Meesters & Dunai, 2001) in apatite crystals are all ideas that have been put forth as sources 
of AHe age dispersion. Even when these factors are considered, however, there continue to 
be age data sets that display significant dispersion, indicating that there may be something 
more fundamental lacking in our understanding of the nuances of apatite crystallography and 
how they affect helium diffusion behavior in apatite. There is currently no systematic 
assessment of how crystallography, or more specifically crystallographic microstructures, 
contribute to age dispersion or otherwise relate to causes of age dispersion.  
For the sake of this study, we can broadly define ‘microstructure’ as any intragranular 
feature that creates a lattice discontinuity in a crystal. We can then divide this broad category 
of ‘microstructures’ into more specific categories: radiation damage, inclusions, and lattice 
defects. Radiation damage and its effect on diffusivity have already been described in the 
literature (Shuster et al., 2006; Flowers et al., 2009). Inclusions (whether mineral or fluid) 
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have complicated chemistries and can be a source of non-radiogenic helium (Fitzgerald et al., 
2006), and as such apatites with visible inclusions are typically avoided for dating altogether. 
Lattice defects, however, are an unexplored feature that could potentially be more amenable 
to characterizing. Identifying apatite lattice defects and establishing a connection between 
them and AHe age dispersion represents the next major step in the interpretation of (U-
Th)/He age data.  
There are several categories of lattice defects that could each affect helium diffusion 
in different ways. Lattice defects can be separated into several types, generally: (a) point 
defects, (b) planar defects, (c) volume defects, and (d) line defects, also known as 
dislocations. Point defects refer to one-dimensional features that exist only on the scale of a 
single lattice point of a crystal. Examples of point defects include substitutions (i.e. U for Ca 
in apatite), vacancies, and interstitial atoms. Planar defects are planar discontinuities in the 
crystal lattice of some minerals, and include features such as twinning or stacking faults. 
Volume defects refer to a host of features that exist where a volume of the crystal lattice is 
interrupted. Inclusions (whether fluid or mineral) fall under this category, in addition to 
empty voids. Finally there are line defects—dislocations. These are lattice irregularities in 
which a plane of atoms terminates within a crystal. This study focuses on the detection and 
calculation of dislocations, as their morphology and behavior are generally well classified 
and more easily identifiable compared to other types of defects. 
To date, studies of crystallography and helium diffusion in apatite have focused 
primarily on the effect of grain size and morphology (Farley et al., 2000; Brown et al., 2013), 
as well as on radiation damage and annealing (Shuster et al., 2006; Flowers et al., 2009). 
There is comparatively less work on the relationship between crystal microstructures (such as 
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pores or dislocations) and helium diffusion (see discussion below). Carrying out such work is 
critical for determining whether or not such features (a) are present in numerous enough 
quantities to be significant, and (b) affect local intragrain helium diffusivity to the extent of 
being a source of age dispersion. Such an undertaking will require a systematic assessment of 
microstructures that describes the various features present in apatite, and what effect they 
have (if they have one at all) on helium diffusion.  
 
2. BACKGROUND 
This study is an assessment of the U-Th-Sm/He dating method. This method makes 
use of the decay of uranium (U) and thorium (Th) and to a lesser extent, samarium (Sm) that 
occurs as substitutions in the crystal lattice of minerals such as apatite. Radioactive U, Th 
and Sm decay to stable He through alpha-particle emission. The helium atoms then diffuse 
through the crystal lattice as interstitial atoms. He diffuses through apatite according to a 
thermally activated volume diffusion process, with a closure temperature in the range of 68°-
83°C (Wolf et al., 1996). Because of this low closure temperature, U-Th-Sm/He ages of 
apatite (AHe ages) are a very useful thermochronometer where resolving low-temperature 
thermal histories of rock bodies is concerned. 
2.1 Development of U-Th/He thermochronology 
The modern use of apatite as a thermochronometer began with Zeitler et al. (1987), 
who published the first calculations of apatite diffusivity and closure temperature. They used 
the ‘leakiness’ of helium from the mineral as a tool to exploit for the measurement of low-
temperature systems. Later studies showed that the method could be applied in a wide variety 
of geologic conditions (Lippolt et al., 1993), and that laboratory helium diffusivity 
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measurements could accurately be extrapolated to geologic conditions (House et al., 1998; 
Farley et al., 2000; Shuster et al., 2006).  
2.2 Problem of age dispersion 
Dispersion in AHe ages is most often observed in geologic contexts with specific 
thermal or geochemical histories, typically in slowly cooled (Flowers et al., 2009) or fluid-
rich systems (Lippolt et al., 1994). Slow cooling is presumed to be related to age dispersion 
because it amplifies differences in age caused by even small changes in diffusivity that often 
occur as a rock passes slowly through the partial retention zone (PRZ) (Wolf et al., 1996). 
The persistence of this problem has resulted in numerous studies of the possible sources of 
age dispersion (Farley, 2000; Reiners & Farley, 2001; Shuster et al., 2006; Flowers et al., 
2009). These, in turn, have led to a number of corrections and explanations that have greatly 
improved the ability to minimize the effects of dispersion and constrain true AHe ages. In 
some cases, additional time-temperature information can be obtained from these effects, for 
example the level of radiation damage in an apatite impedes diffusion, resulting in higher 
retentivity and therefore a higher closure temperature (Shuster et al., 2006). In cases where 
the closure temperature is recalculated to account for radiation damage, the age then 
represents the time since the rock moved through that higher-temperature isotherm.  
 Quite early on it was recognized that apatite could vary in the concentrations of 
uranium and thorium present. It was also noted that features such as alpha-particle damage 
and fission tracks created due to the decay of U and Th atoms could affect helium diffusion 
in apatite (Shuster et al., 2006), and that the degree to which this damage affects helium 
diffusion and retentivity scales with effective uranium (eU) concentration. Effective uranium 
concentration is a metric developed to account for the damage caused by the decay of U and 
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Th, weighing each according to its alpha productivity, and is calculated as [U] + 0.235[Th] 
(Flowers et al., 2009). Thus the effective uranium concentration (eU) of a single apatite 
grain, together with its age, can accurately predict the level of radiation damage present 
within a crystal, and corrections to ages can be made.  
 While radiation damage has been shown to be a source of age dispersion, zoning in U 
and Th can also significantly affect alpha-loss calculations and thus age determination. For 
example, in a crystal with all of its U and Th were concentrated at the core, then there would 
be no ejection of alpha particles to the exterior of the mineral; conversely, if all the U and Th 
were concentrated in a rind at the grain edges, then up to 50% of the alpha particles would be 
lost to the outside. There are ways to account for nonhomogeneous distributions of U and Th 
before  (Meesters & Dunai, 2001), but unlike the metric of eU in the radiation damage and 
annealing (RDAAM) model of Shuster et al. (2006) and Flowers et al. (2009), there is no fast 
and easy way of re-correcting ages without examining each case individually. One way to 
determine if zonation is an issue is to create chemical maps of grains, as in Flowers & Kelly 
(2011).   
 Similar to the problem of U and Th zonation is the problem of helium implantation 
(Spiegel et al., 2009; Murray et al., 2014). This refers to the penetration of the apatite by 
external alpha particles from some high-U and/or high-Th phase either adjacent to or 
included in the crystal. This implantation thus results in a total amount of He that is in excess 
of the radiogenic quantity produced in-situ. This leads to problems when performing the 
alpha-ejection corrections, as implantation would lead to overcorrection (Gautheron et al., 
2012). Since the amount of He implantation is highly dependent on the production rate of the 
implanting phase (as well as other factors such as the area over which the implantation 
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occurs) the effect of this problem on ages is quite variable, so there is also no metric that is 
currently determined that can be used to make corrections for He implantation.  
2.3 Screening 
Until recently, there was no way of determining whether a set of samples might 
display age dispersion until after the ages had been calculated. But with the development of 
the Continuous Ramped Heating (CRH) method of Idleman et al. (2017) and McDanell et al. 
(2017) apatite grains are ‘screened’ through analysis of their He release curves during 
outgassing. This method works by outgassing single grains of apatite in a furnace according 
to a ramped heating schedule. The 4He released through outgassing is measured at each time-
temperature step, resulting in a time series representing the cumulative fractional loss (f) of 
helium over the furnace run. Typically, the first derivative of fractional loss for a run (∂f) is 
also calculated, representing the change in He outgassing during an analysis. Grains that 
outgas ‘conventionally’, or according to volume diffusion have a He release pattern that can 
be predicted. Any He that is in excess of this modeled release pattern can then be considered 
anomalous, and therefore due to some factor other than volume diffusion of radiogenic He. 
An example of this can be seen in Figure 1. Thus this allows for the correcting of outgassed 
He from anomalously behaved grains without necessarily determining the source of 
unexpected or additional He. Though in its early stages, this new analytical method has been 
shown to be able to reduce or eliminate age dispersion and result in well-constrained AHe 
age datasets. Problems remain, however, as the source of anomalous He is still unknown, and 
methods of deconvolving secondary He release peaks during CRH have yet to be determined.  
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 The effect of crystal imperfections may be manifesting itself in CRH results in a 
number of ways. Fluid inclusions may be causing short spikes in helium release observed in 
some CRH analyses. Depending on the location of fluid inclusions within the grain, the 
spikes in He gas associated with their decrepitation can either be large and short-lived (i.e. 
close to grain boundary) or smaller but longer-lived (i.e. closer to core of the grain), although 
smaller spikes may not be resolvable from the overall outgassing.  
2.4 Defect Trapping Model 
 The need for the CRH screening method was realized through an earlier set of 
experiments that indicated that many grains incorporated non-radiogenic helium within them. 
Zeitler et al. (2017) (in press) measured ‘mechanical’ helium released by the crushing apatite 
grains, followed by step heating to extract the remaining helium and thus determine the 
fraction lost during the crushing step. They treated outgassed apatite by soaking in helium 
gas at various pressures to determine the inherent solubility of apatite. They found that the 
intrinsic solubility of helium (i.e. in a perfect or intact crystal lattice) is quite low, yet their 
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Figure 1.  Fractional loss (f) and first derivative (f) release patterns from CRH analyses. The Blue lines are data from ‘good’ samples that 
outgas according to volume diffusion. Red lines are data from ‘bad’ samples that have more anomalous diffusive behaviors. 
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crushing and soaking experiments indicated that ‘unexpected’ helium could be derived from 
any number of crystal lattice imperfections such as fluid inclusions, voids, or dislocations. 
Thus it is likely that ‘trapping’ in defects, or otherwise impeding helium diffusion through 
the crystal lattice of apatite is a probable cause of age dispersion, and may be a thread that 
helps link together otherwise disparate explanations for age dispersion.   
For the purposes of this 
study, a crystal imperfection is 
defined as any discontinuity or 
disruption of the crystal lattice. 
This includes features such as 
volume defects, fluid inclusions, 
and dislocations. Any or all of 
these may affect He diffusivity 
(and thus ages). A schematic 
diagram of this model and its 
relationship to helium diffusion can be seen in Figure 2. Notable examples of studies where 
the possibility of imperfections affecting helium diffusion is mentioned are Farley (2000). 
Despite this previous work, however, the characterization of such features and their 
importance for AHe ages has been little explored, for a variety of reasons.  
 The first difficulty involved with characterizing the effects of lattice structures or 
imperfections is that there are a number of features that fall under this category, often relating 
to one another in intricately intersecting ways. Features such as inclusions are generally 
thought to form at the same time as the surrounding crystal. Other features, such as radiation 
Figure 2. Schematic of defect trapping model. Radiogenic helium diffuses 
through the crystal lattice, but gets ‘trapped’ in defects. Once trapped in a 
void, it is difficult for He to return to the lattice due to low solubility.  
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damage, arise later on, below certain thermal thresholds (Shuster et al., 2006). Still others—
namely dislocations—may be associated with any syn- or post-formational deformation of 
the crystal lattice. Thus the broad nature of the term ‘imperfections’ complicates efforts of 
determining their role in He diffusion kinetics and AHe age dispersion. This study 
specifically focused on the identification and quantification of dislocations in apatite. 
2.5 Dislocations 
 Since the bulk of this study is devoted to identifying dislocations in apatite and 
relating them to the defect-trapping model, it is important to define what a dislocation is. 
Dislocations are linear defects in crystal lattices across which there is a displacement 
between blocks of atoms; according to Vainshtein et al. (1982), ‘dislocations disturb the 
long-range order in a crystal, distorting its entire structure’. Thus the lattice distortions 
caused by dislocations may be related to the impeding or trapping of noble gases such as 
helium. There are two types of 
dislocations that can form in 
crystals: edge dislocations and 
screw dislocations. Edge 
dislocations refer to dislocations 
that arise due to the abrupt 
termination of a plane of atoms in 
the crystal lattice, distorting the 
surrounding atoms. Screw 
dislocations refer to dislocations where two blocks of atoms twist past each other, creating a 
plane of offset between the two blocks. Both types of dislocations form due to stress fields 
He atom  
Figure 3. Helium diffusion in the case of a dislocation. 
Dislocations may impede or trap diffusing helium atoms, 
especially if present in great densities. 
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acting on the crystal lattice. Thus the density of dislocations is also directly related to the 
strain imparted on a crystal lattice.  
 Because of the small displacement caused by a single dislocation (usually angstroms 
in length), an individual dislocation will not affect the overall diffusivity of a grain. But as 
features that form due to internal strain, dislocations almost never occur singularly, but often 
form as networks of intersecting features (Kelly et al., 2000) such that most crystals generally 
contain large numbers of dislocations. In the aggregate, these networks of dislocations may 
affect local diffusion, and perhaps act as something akin to the ‘traps’ of the aforementioned 
defect-trapping model. The length of dislocations in apatite are ~5e-8 cm, while He atoms are 
an order of magnitude smaller—3.1e-9 cm in diameter. Therefore, it may not take that many 
dislocations in an apatite before there is some effect on the diffusive behavior of helium. This 
warrants the creation of a model that can describe the interaction between helium diffusion 
and a dislocation or network of dislocations. A cluster or network of dislocations in this case 
may be similar to a ‘defect’ in the defect-trapping model, and atoms that encounter this 
‘defect’ would be trapped or otherwise impeded in the extra spaces created through the 
termination of lattice planes due to dislocations. A schematic of the relationship between a 
dislocation and the diffusion of a helium atom can be seen in Figure 2. In addition, 
dislocations may also be associated with other defects such as inclusions or voids, as these 
defects may create stress fields that result in dislocations. In essence, the presence of 
dislocations or zones of high dislocation density could be acting as a separate diffusion 
domain—i.e. when helium encounters these regions, it no longer behaves according to the 
properties of volume diffusion in an ‘ideal’ apatite. The guiding hypothesis of this study, 
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then, is that dislocations impede helium diffusion, changing the rate of diffusion and possibly 
resulting in age dispersion. 
 The properties of crystal lattices and how they respond to dislocations is fairly well 
understood in general, and the specifics of how these properties in apatite are important for 
investigating dislocation density. The most important characteristic of a dislocation is the 
offset in the crystal lattice of any given material that results from a single dislocation. The 
value that describes the magnitude and direction of this slip is known as the Burgers vector. 
The magnitude of this vector is the length of the offset created by the dislocation, while the 
direction is with respect to one of the crystal lattice axes (i.e. a, b, or c). In some materials 
there can be more than one possible dislocation system. In apatite, however, there is only one 
known slip system that results in dislocations, in this case in the direction of the c axis, with a 
magnitude of 6.878 Å (Hughes et al., 1989).  
 
3. METHODS 
3.1 Overview 
 This project involved U-Th-Sm/He dating of apatite in addition to characterization of 
apatite dislocation densities. The 4He extracted for calculating AHe ages was done using the 
CRH method. The samples dated in this study were chosen with the expectation that they 
would display age dispersion and/or have many crystallographic defects, in order to compare 
dislocation densities between dispersed and non-dispersed (in this case, Durango 
fluorapatite) samples. Dislocation densities were calculated using Electron Backscatter 
Diffraction (EBSD) on a scanning electron microscope (SEM).  
3.2 Samples chosen 
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 The samples analyzed in this study represent a variety of geologic settings and 
conditions (and therefore a variety of deformation histories and defect characteristics). This 
way, a more coherent picture of the relationship between geologic environment (i.e. 
deformation and thermal history), CRH release curves, and dislocation density can be 
obtained. To this end, I analyzed many samples from five different locations: (1) 
Southeastern Tibet; (2) the Appalachian Mountains, Pennsylvania, USA; (3) Durango, 
Mexico; (4) Mt. Dromedary/Gulaga, NSW, Australia; and from the (5) Sierra Nevada Mtns., 
California, USA. A summary describing these samples can be viewed in Table 1. 
 The Tibetan samples come from Southeastern Tibet, and data from these samples 
were first published by Zeitler et al. (2014), who found that these rocks underwent rapid 
cooling and exhumation from ~10 to ~5 Ma. Sample NB07 was selected from the suite of 
samples originally published by Zeitler et al. (2014), and sample NB54 was taken from a .  
The Appalachian samples, APL-SCDM-00 and APL-CHFD-00, were taken from a separate 
first analyzed by McKeon et al (2014), whose data showed problematic dispersion behavior 
requisite with the slow-cooling history of that location. Samples of the Durango fluorapatite 
(U-Th)/He age standard from Durango, Mexico were used for EBSD analysis but no CRH 
analyses were performed as part of this study, although previous CRH analyses were 
performed by McDannell et al. (2017). Sample GA-1550 comes from the Mt. Dromedary 
Complex of New South Wales, Australia. The MDC rocks are a suite of quartz monzonites 
that were emplaced during the opening of the Tasman Sea during the Cretaceous. GA-1550 
comes from the same locale as the widely analyzed biotite K-Ar and 40Ar/39Ar age standard 
of the same name, and is also used as an apatite fission-track age standard with an age of 98.7 
± 1.1 Ma (Green, 1985; McDougall & Wellman, 2010).  
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Table 1. Summary of sample information 
Sample name Sample location 
Cooling rate 
(°C/M.y.) 
# aliquots for 
CRH analysis 
# of EBSD 
scans 
GA-1550 Mt. Dromedary, AUS ~1.5-2 8 4 
NB54 Namche Barwa, Tibet ~10-15 9 5 
NB07 Namche Barwa, Tibet ~10-15 7 0 
APL-SCDM-00 Appalachian Mtns., NC ~0.4 8 0 
APL-CHFD-00 Appalachian Mtns., NC ~0.4 8 0 
R9515 Sierra Nevada, CA ~0.8-1.3 8 2 
1989s24 Sierra Nevada, CA ~0.8-1.3 4 4 
Durango Durango, Mexico > 10 0 5 
 
3.3 Continuous ramped heating (CRH) and U-Th/He dating 
 Each sample chosen for this study underwent CRH analysis. Apatite separates for 
each of these samples had already been prepared by crushing, sieving, and magnetic and 
density separation of apatites from the original field collected rocks, From each of these 
separates grains were picked for analysis according to the criteria of Farley (2000), i.e. with 
preference given to grains that were large, free of inclusions, un-zoned, unbroken and 
euhedral. In order to do this, I examined grains under a Nikon SMZ800 microscope at ~95X, 
and took pictures of each grain in two different orientations so that grain dimensions could be 
calculated for alpha-loss corrections. I then placed the grains in niobium tubelets, pinching 
them shut at the ends. These grains were outgassed in a double-vacuum resistance furnace 
and analyzed using a Pfeiffer Prisma 100 bakeable quadrupole mass spectrometer equipped 
with Faraday and electron multiplier detectors, at Lehigh University. After extracting 4He 
from each grain via CRH analysis, absolute amounts of parent U, Th and Sm were 
determined by isotope-dilution analysis using Inductively-Coupled Plasma Mass 
Spectrometry (ICP-MS) facilities at the University of Arizona lab of Dr. Peter Reiners. This 
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allowed for the calculation of raw U-Th/He ages. Alpha ejection factors for each grain were 
calculated using stopping distances given in Ketcham et al. (2011)  
3.4 Sample preparation for EBSD  
To prepare samples for EBSD analysis, I picked grains from the same separates used 
for U-Th-Sm/He dating. I picked these grains according to the same criteria used for dating. 
Picked grains were brought up in 1¼” epoxy mounts using Buehler Epothin Epoxy in a 
lubricated mounting ring. The number of grains I placed in each mount varied depending on 
the amount of apatite separate available, typically ranging from 12 to 36 grains in each. I then 
ground down the epoxy mounts using 400 grit and 600 grit diamond grinding papers to 
expose the grain interiors, and then polished them with a sequence of 12µm, 5µm, 1µm and 
0.3µm alumina polishing compounds, followed by polishing with 0.05 µm colloidal silica in 
a vibratory polisher. The final step consisted of ion mill polishing with an argon ion beam 
using the Hitachi IM400 ion milling system located in the Materials Science and Engineering 
department.   
This final polishing procedure exposes interior grain surfaces free from any 
deformation caused by the grinding and rough polishing, so that any features present on the 
final surface are inherent to the sample itself. To date, there has been no documented 
procedure developed for preparing single grain apatites for EBSD, and very little work (save 
for Ruggles et al., 2015) has been done to use EBSD to calculate dislocation densities in 
apatite in the context of geoscience research. Thus, this methodology represents the first 
successful attempt at creating a procedure to analyze dislocation density in apatite.  
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3.5 Electron Backscatter Diffraction (EBSD) 
 Once grain mounts had been 
prepared, I analyzed them using EBSD 
with the Hitachi 4300 SEM at the 
Materials Science and Engineering 
Department. EBSD is a method that 
makes use of a modified SEM in order to 
allow for the characterization of lattice 
orientations in crystalline materials. In 
this setup, the sample stage within the SEM has the ability to tilt to a high angle, which in the 
case of EBSD analysis is usually around 70°. When the electron beam of the SEM is fired at 
this highly tilted surface, electrons diffract off the surface of the sample in cones of 
diffraction that appear on the imaging plane as a large number of parallel lines, called 
Kikuchi Lines (Kikuchi & Nishikawa, 1928) (see Figure 3). These lines or bands represent 
the diffracted cones of electrons intersecting with the image surface. The bands give 
information about the orientation of the crystal lattice at the spot on which the beam is 
focused. This is helpful for the study of defects in apatite because relative changes in the 
orientation of these patterns across a grain can then tell us about the presence of damage or 
distortion in the crystal lattice. 
 Each of the epoxy mounts prepared for analysis was analyzed using EBSD without 
any conductive sputter coating (such as Ir or Au), as early trials with sputter coating yielded 
poor diffraction patterns. Because of the lack of conductive coating, we analyzed the samples 
analyzed using the variable-pressure mode in the SEM, as small amounts of gas within the 
Figure 4. A schematic image of a SEM configured for EBSD 
analysis, together with an example of the resulting Kikuchi bands. 
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sample chamber allow for the discharging of electrons that would not normally be able to 
discharge from an insulating surface such as epoxy in a high-vacuum setting. Microscope 
settings such as working distance, accelerating voltage, condensing lens, and aperture were 
optimized through a trial-and-error approach to obtain workable EBSD data. Good results in 
this case were defined by how well the EBSD data collection software could index the 
diffraction patterns as apatite. The settings that gave the best fit to the standard apatite 
diffraction pattern were then used for the whole data set in this study.  
The goodness of fit of the observed patterns to the standard is known as the 
confidence index (‘CI’), where a CI of 1 means a perfect fit of the observed to the standard. 
We determined that the highest confidence indices were produced with a very specific set of 
microscope and indexing software settings. For microscope settings, we found the highest 
confidence indices in variable-pressure mode at a 40 Pa vacuum, and with an accelerating 
voltage of 25 kV, an objective aperture setting of 1 (the minimum setting), a weaker 
condensing lens setting (a ‘3’ on the Hitachi 4300), and a working distance of 17-20 mm. For 
data collection and indexing, we used the OIM Data Collection software (version 7, EDAX, 
2013). The image processing algorithm by which the Kikuchi bands are identified from the 
entire diffraction pattern is known as the Hough transform. The user has the ability to specify 
the parameters and resolution associated with the Hough transform. We found that the 
samples indexed best with 1x1 binning, 10 peaks, high peak symmetry, and a high Hough 
resolution (i.e. high binned pattern size).  
 In the EBSD method, data are obtained as the electron rasters across the surface of the 
sample (in a step size set by the user), obtaining diffraction information (and therefore lattice 
orientation information) with each step. This results in a map of data points over the scan 
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area, with points spaced according to a step size selected by the user. I used a 1 µm step size 
for each scan. It is these data that can then used to infer properties such as strain or 
dislocation density over that interaction volume. Each scan in this study was performed on a 
separate grain (i.e. there were no instances where more than one scan was performed on a 
grain). In drawing the areas of each of these scans, an effort was made not to include large, 
obvious features disrupting the crystal such as large cracks or inclusions.  
3.6 Calculation of GND density 
 After EBSD data has been 
obtained, there are a number of 
methods that are used to infer the 
level of strain in a crystal based on 
the data. These strain calculations 
are then also used to estimate other 
values such as dislocation density. 
In particular, the density of 
dislocations that can be estimated 
given a set of lattice orientations is 
known the geometrically necessary dislocation (GND) density (Nye, 1953). Dislocation 
density is measured in a length per volume, typically m/m-3, which reduces to units of m-2. 
There have been no studies that published GND densities for apatite, but in other minerals, 
values range from 1e13 to 3.15e14 m-2 in olivine (Wallis et al., 2016) and 2.0e14 to 3.5e14 
m-2 in ferrite (iron) (Calcagnotto et al., 2010). The GND densities of the samples in this study 
were calculated from a metric of strain known as Kernel Average Misorientation (KAM). 
Average = 
0.363 

0.355 
0.382 
0.419 
0.292 
0.402 
0.326 
1 µm 
ϑ
Figure 5. Calculation of KAM based on a hexagonal grid. The step 
size used in this study is 1 µm. 
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Misorientation refers to the angular difference in lattice orientation between points in an 
EBSD scan. Misorientation can be calculated in several different reference frames, for 
example the angular difference in lattice orientation between a given point and the average of 
a grain’s lattice orientation would be the grain average misorientation. For the KAM metric, 
misorientation is calculated based on the relative angular difference of a given point with 
respect to its neighbors in a kernel; the angular difference between a point and each of its 
neighbors is averaged to determine KAM. Figure 5 shows an example of how the KAM 
values are calculated. I calculated KAM values from EBSD data using the OIM Analysis 
software (version 7, EDAX, 2013). I used this software to crop scan images to exclude any 
grain boundaries, and then determine an average KAM value for the entire scan. I also made 
maps of KAM values for each scan, shown in Appendix 3. 
 A GND value for each scan was then calculated using KAM. In this study, I used the 
method of Calcagnotto et al. (2010) to relate KAM to GND densities. They relate the 
misorientation angle to the GND density according to the following:  
𝜌!"# = 2𝜗𝑢𝑏 
where ρgnd is the GND density, ϑ is the misorientation angle, u is the step size (in meters), 
and b is the magnitude of the Burgers vector (in meters). The Burgers vector is a vector that 
represents the magnitude and direction of the distortion of a crystal lattice resulting from a 
dislocation. The result of this calculation is a dislocation density value with units of m-2.  
3.7 Sample etching and defect observation 
Following the EBSD analysis of the samples, I analyzed each of the sample mounts 
under SEM and a petrographic microscope to examine the relationship between visual 
features and calculated GND density. I etched the sample mounts according to the standard 
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fission-track etching procedure of Carlson et al. (1999). In this procedure, the mounts are 
etched in 5.5 M HNO3 (nitric acid) for 20 s at 21°C. They were examined optically using a 
Olympus BH2-UMA polarized petrographic microscope and with a Phenom XL SEM. This 
allowed for the observation of defects on the surface of grains. While helium diffusion 
depends on the features present in the whole volume of crystal, EBSD measurements only 
recognize features present on whatever surface is being observed; so counting defects that 
appear on the surface is a powerful way of corroborating EBSD data. The ImageJ image-
processing software was used to count defects from images taken in the SEM. I counted 
features on the surface of the samples, whether fission tracks or otherwise. The ‘defect count’ 
from this procedure serves as a rough estimate of lattice curvature or deformation that the 
EBSD analysis would have detected. This process was made more difficult by the presence 
of large (>5µm) cracks or holes, where it would have been problematic to count such features 
as a single defect. Thus these large features were not included in the counting process, but 
their presence has been taken into account in the interpretation of data. 
3.8 Post-analysis calculations 
 In order to assess the relationship between GND density and other factors, I made 
several post-analysis calculations. First, I calculated the relative standard deviations for GND 
density and age for each sample. For a given population, the relative standard deviation is 
simply the standard deviation of that population relative to its mean, expressed as a 
percentage. This percentage represents the degree of dispersion within the population. 
Second, I calculated the alpha dose for each sample. The alpha dose refers to the amount of 
alpha particles ejected by the decay of radiogenic parent isotopes: 238U, 235U, 232Th and 
147Sm. This measure is related directly to the age and approximates the level of alpha-particle 
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damage experienced per unit volume of crystal. The level of alpha damage is important to 
determine because it may contribute to crystallographic misorientation, and therefore affect 
the GND calculations. 
 
4. RESULTS 
4.1 CRH release curves 
 Through CRH analysis of apatite grains, cumulative loss curves were generated for 
each analysis. In addition, plots of the first derivative of fractional cumulative loss (∂f) were 
created, representing the incremental fractional loss per temperature step. The results of these 
analyses are summarized in Appendix 1. As expected, there is a large variation in the 
diffusive behaviors in this sample suite (see Appendix 1 below). Some samples show a close 
match to the modeled (‘ideal’) fractional loss and ∂f curves. The model behavior in this case 
is a sample that behaves according to single-domain volume diffusion, exemplified by the 
Durango fluorapatite standard. The other samples in this study align with this model to 
varying degrees. Sample GA1550 and R9515 are the most ‘well-behaved’ of the samples, 
generally behaving according to the expected volume diffusion behavior, although generally 
outgassing at slightly higher temperatures as compared to Durango kinetics, indicating a 
higher helium retentivity. The Appalachian samples, APL-SCDM-00 and APL-CHFD-00, 
fall in an intermediate category, as the f and ∂f curves of both display internal variability 
along with some anomalous release of gas but overall exhibit the general shape expected by 
volume diffusion. Finally, the Tibetan samples, NB07 and NB54, and the other Sierra 
Nevada sample, 1989s24, both exhibit anomalous diffusive behavior. The f curves of the 
Tibetan samples have a large amount of internal variability, and none of the analyses of 
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either sample display the sigmoidal f curve shape of an ideal sample. Their ∂f curves are also 
very wide compared to expected behavior, although this is likely due to the weak helium 
signal in both of those samples. 1989s24 is also an anomalously behaved sample, although in 
this case, the behavior is due to a consistent ‘shoulder’ of gas later on in each of the analyses 
that can be seen in the ∂f curves.  
4.2 U-Th/He ages 
 The calculated U-Th-Sm/He ages are summarized in Appendix 2. Some of the 
samples run show good age replication over multiple analyses, while others show significant 
age dispersion. As expected, the samples that displayed non-ideal or otherwise anomalous 
diffusion behavior during CRH analysis are also samples that show greater dispersion in 
calculated AHe ages. Sample APL-SCDM-00 displays the greatest range in ages (i.e. has the 
most age dispersion), ranging from 59.86 Ma to 443.64 Ma. Sample GA1550 has the smallest 
range in ages, ranging from 72.88 Ma to 84.86 Ma. Along with the ICP-MS analysis of 
grains for U, Th, and Sm, isotopic data was also obtained for Ca. Because apatite is a calcium 
phosphate—Ca5(PO4)3(F,Cl,OH)—that means any analysis where the Ca content is very low 
is not apatite and therefore must be removed from the dataset; those bad results are not 
included in this document.  
4.3 KAM determination and GND density calculations  
 For each scan of each sample, maps of KAM values for the entire scan were 
produced. These maps can be viewed in Appendix 3. The maps show a wide variation in the 
misorientation present in each sample. The scans vary in size and number of points; this is 
mainly due to (1) time constraints on data collection and (2) drawing scan areas to avoid 
large cracks or grain boundaries. The misorientation angle for each scan point is represented 
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by a color scale ranging from 0 to 5°. Misorientations greater than 5°, or pots where there is 
no crystalline material (such as epoxy) are black. Thus samples with a more uniform color 
have a lower overall average KAM value. This corresponds with the results from GND 
calculations, as Durango has the highest GND values, and the maps show that there is a wide 
variation in KAM values for scans from that sample. Some maps display artifacts of the 
sample preparation process, most notably NB54_03, which displays a ring around the grain 
that could have arisen due to the difference in hardness between the epoxy and the grain. 
Also, a number of maps show distinct regions of different misorientation levels, and this 
usually is due to the scan area overlapping with a grain boundary. This can be seen in scans 
Durango1, Durango3, Durango4, GA1550_02, NB54_02 and NB54_03. 
 
 
 
Figure 6. Results of GND calculations for each sample. Error bars are 2σ standard errors. Some of the 
error bars fall within the symbols. One analysis for R9515 is not shown as it was far higher than all the 
other analyses and obscured the rest of the results.  
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For each scan of each sample, a single value for GND density was calculated. A 
summary of these values can be seen in Table 2. All of the dislocation density calculations 
fall in the range of 4.87e14 m-2 to 1.59e15 m-2, except for one, an outlying analysis of R9515 
at 3.42e15 m-2. These values overlap and somewhat exceed the ranges of GND values 
observed in olivine and ferrite. There is some variation within the analyses for each sample. 
Durango fluorapatite has the least amount of internal variation in GND calculations, but has 
the highest average GND density. Sample NB54 has the lowest GND density, with GA1550 
and 1989s24 being the intermediate samples, roughly overlapping in GND range. This runs 
counter to what as expected, as Fayon et al. (2015) characterized 1989s24 as having strained 
apatites; these samples therefore were expected to have higher GND densities than the other 
(unstrained) samples. The results of GND calculations are plotted in Figure 6.  
Table 2. Results of GND density calculations. 
Sample	   GND	  density	   SE	  GND	  density	   Log10	  GND	  density	  
NB54_1	   4.87E+14	   1.75E+12	   1.22E+01	  
NB54_2	   1.10E+15	   1.09E+13	   1.30E+01	  
NB54_3	   6.54E+14	   6.80E+12	   1.28E+01	  
NB54_4	   8.14E+14	   5.45E+12	   1.27E+01	  
Durango1	   1.59E+15	   4.55E+13	   1.37E+01	  
Durango2	   1.27E+15	   2.26E+13	   1.34E+01	  
Durango3	   1.30E+15	   3.25E+13	   1.35E+01	  
Durango4	   1.39E+15	   1.95E+13	   1.33E+01	  
Durango5	   1.35E+15	   2.48E+13	   1.34E+01	  
GA1550_01	   1.04E+15	   2.88E+13	   1.35E+01	  
GA1550_02	   9.83E+14	   3.17E+13	   1.35E+01	  
GA1550_03	   7.44E+14	   1.80E+13	   1.33E+01	  
GA1550_04	   1.03E+15	   2.82E+13	   1.34E+01	  
R9515_01	   3.42E+15	   8.91E+13	   1.39E+01	  
R9515_02	   1.22E+15	   1.08E+14	   1.40E+01	  
1989s24_01	   7.58E+14	   3.53E+13	   1.35E+01	  
1989s24_02	   9.70E+14	   1.74E+13	   1.32E+01	  
1989s24_03	   6.58E+14	   8.54E+12	   1.29E+01	  
1989s24_04	   9.70E+14	   2.59E+13	   1.34E+01	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4.4 Results of etching and counting defects 
 The etching and counting of defects from SEM images yielded a range of results. 
Sample 1989s24 had the highest defect density; this was expected based on the 
characterization of that sample as strained (Fayon et al., 2015). GA1550 was the next highest, 
followed by NB54. Durango had the lowest defect density, which is a result that was 
expected due to the standard’s replicable ages and diffusive behaviors, but does not agree 
with the GND density estimates. The Durango samples did, however, have a large number of 
cracks and holes compared to the other samples. 
 
5. DISCUSSION 
5.1 Overview 
 At this stage in developing new sample characterization techniques for apatite, it is 
critical that the data these new methods provide actually help explain helium and AHe age 
data. The preliminary data sets in this study suggest that GND density is measuring a number 
of features that frequently characterize apatite crystals, including strain, radiation damage or 
inclusions. Although the data set in this study is small, and a more robust data set could 
discount the interpretations put forth here, there may be a relationship between He release 
behavior, age dispersion, alpha damage, and GND density.  
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5.2 GND density, CRH analyses, and AHe ages 
 The fact that the helium outgassing behavior varies so widely among the samples in 
this study suggests that there may be a range of different crystallographic features present in 
each one. For example, in the ∂f-curves of sample 1989s24 (see Appendix 1f) show a distinct 
‘shoulder’ of gas release at 
higher temperatures that does 
not conform to the ideal 
behavior. This indicates that 
there may be processes other 
than volume diffusion at 
work, so it was expected that 
this sample would have 
higher GND density. 
Likewise, samples that 
displayed more expected 
diffusive behavior, such as 
GA1550, were predicted to have lower calculated GND density. The results of these 
calculations, however, defy the initial predictions. All of the samples overlap significantly in 
GND density ranges, with the one exception of Durango fluorapatite, which has a higher 
mean GND density than the rest of the samples. The current data set suggests that there may 
not be any link between GND density and diffusive behavior, or at least that dislocations (as 
measured here) do not systematically affect helium diffusivity.  
Figure 7. A plot showing the dispersion factors of the age data vs. the 
GND density data. The square is Durango, the triangle is GA1550, the 
circle is 1989s24, and the diamond is NB54 
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  It does appear from this data set that there could be a relationship between AHe age 
dispersion and dispersion in the GND data. There is much less dispersion in the GND values 
of the Durango fluorapatite age standard (which consistently gives replicate ages of 31.85 ± 
1.6 Ma), while there is more dispersion among the other samples. Figure 7 shows that 
GA1550 both have low age dispersion and low GND density dispersion, 1989s24 has 
moderate levels of dispersion, and NB54 is very dispersed in both age and GND density. The 
correlation between the levels of dispersion in the ages and in the GND measurements mean 
that grains with a variety of different defect characteristics from a single sample also display 
a wide range of different ages, due to the altering of diffusivity caused by defects. Since 
Figure 8. A plot of eU vs. average GND density, with error bars representing one standard deviation. The square symbol 
is Durango, diamond is NB54, triangle GA1550, and circle is 1989s24. 
Tibet 
Australia 
Durango 
Sierras 
(strained) 
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EBSD and CRH analyses for each sample were performed on different populations, it cannot 
be deduced from the current data sets whether older-than-expected ages result from either 
higher or lower GND density. The trapping model would suggest that samples with a higher 
GND density would result in older ages due to the impeding of helium.  
5.3 GND density, eU, etched defects, and alpha dose 
In addition to relationships between GND density and age, it is also likely that the 
EBSD measurements reflect the presence of other, larger defects in the samples analyzed. 
Results from ICP-MS analysis and etchingprocedures introduce questions of the ways in 
which radiation damage and other features contribute to small-scale strain in the crystal 
lattice of apatite. Features 
such as fission tracks, 
small inclusions, holes 
and cracks could all affect 
lattice curvature and thus 
GND density estimates, 
therefore obscuring the 
true amount of 
dislocations created 
through pure strain in the 
lattice. An eU vs GND 
density plot is displayed in Figure 8. This clearly shows that even though several samples 
(Durango, GA1550, 1989s24) have roughly similar eU concentrations, they vary in GND 
density. Thus it is likely that the relationship between GND density and eU is not a linear one 
Figure 9. Average number of defects per cm squared vs. the average GND density 
of each sample. Error bars represent one standard deviation. The square symbol is 
Durango, diamond NB54, triangle GA1550, and circle is 1989s24. 
Durango 
Tibet 
Australia 
Sierras 
(strained) 
  29 
(if a relationship exists at all). The broader implications of this would be that radiation 
damage does not result in significant strain on the lattice at the scale of a whole grain, 
therefore (b) does not result in more dislocations. This conclusion would suggest that some 
other feature(s) are creating the dislocations detected up by EBSD. But on the other hand, 
pure strain cannot be the sole source of dislocations because the strained sample, 1989s24, 
has a GND density that is not significantly higher than the unstrained samples, while 
Durango, being a generally inclusion-free and unstrained apatite (but has high eU) has the 
highest GND values.  
 The results of etching and counting of defects suggests that the estimates of GND 
density are affected by the surface features present on the scanned grains, such that the 
current measurements may be overestimating GND density in some cases. The results of 
defect counting procedures align with the expected outcome: that the most ‘well-behaved’ 
sample (i.e. Durango) would have the least amount of defects, and the most ‘poorly-behaved’ 
sample (1989s24) would have the most defects. It was expected that GND calculations would 
follow this pattern as well, but instead, Durango has a distinctly higher average GND density 
compared to the others, even as it has a low defect density (see Figure 9). This could be 
explained, however, by the large amount of cracks and holes present on the surface of 
Durango grains, possibly related to the fact that the Durango samples used were fragments of 
large crystals rather than intact (or mostly intact) grains. Having analyzed broken surfaces 
could have created uneven surfaces that then showed up as a higher misorientation during 
EBSD analysis. 
 Finally, the results of alpha dose calculations reveal a possible relationship between 
GND density and alpha damage (and thus age) (see Figure 10). GND density seems to 
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increase linearly with alpha dose when considering just NB54, 1989s24, and Durango, but 
GA1550 does not fall on this trend. These results suggest that older, and therefore more 
damaged samples may have more dislocations.  
 The current data set 
suggests a complicated 
relationship between GND 
density and radiation 
damage/alpha damage/eU, 
lattice strain, physical 
abrasion, and other defects 
such as inclusions. GND 
density is likely linked to 
each of these features in 
some way, so in the future 
the effect each of them has on dislocations will need to be determined. 
5.4 Possible sources of error  
 Because this is a new technique, there are still a number of possible different sources 
of error involved in the process of calculating GND densities. The first is that the calculations 
in this study rely on a fairly simplified conception of dislocations in apatite, and the reality 
could be more complicated. Past research suggests that the primary dislocation system in 
apatite occurs parallel to the c axis (Phakey & Leonard, 1970), which means a single 
dislocation should have a Burgers vector equal to the d-spacing in the c-direction, the 
magnitude of which is ~6.878 Å (Hughes et al., 1989). This value for the magnitude of the 
Figure 10. Total alpha dose per sample (in moles per cubic centimeter) vs. the 
average GND density of each sample. Diamond is NB54, triangle is GA1550, circle 
is 1989s24, and square is Durango. 
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Burgers vector was used in the GND calculations in this study. It is not known, however, if 
there are other major dislocation slip systems in the crystal lattice of apatite, meaning that 
there are other possible directions in which dislocations could form. If this were to be true, 
then the GND values calculated here would not be representative of the actual amount of 
dislocations present in the material.  
 Another source of error in this study, and perhaps the greatest one, is that there is 
currently no quantification of the error associated with the sample preparation process. In 
other words, there is currently no sense for how the preparation might affect the precision of 
the measurements. This mainly boils down to a problem of sensitivity: how do small changes 
in various parts of the procedure (such varying the amount of time polishing or ion milling) 
affect the final calculations, if at all? Further experiments will be needed to address this 
problem.  
 Related to the problem of experimental procedures is that of internal measurement 
precision. It is not currently known how well the SEM is able to reproduce the same 
measurements on the same grains within a sample. This is perhaps the most pressing issue to 
solve with regards to sources of error. Since the preliminary data suggest a fairly narrow 
range of possible dislocation densities in apatite, the analytical uncertainty associated with 
the measurements could greatly affect the interpretation of data.  
5.5 Recommendations for future research 
 There are a number of recommendations for future research I would make in order for 
EBSD analysis of apatite to continue to be useful for sample characterization. There need to 
be further experiments in order to calibrate the method, and to determent the analytical 
precision. The relationship between other crystallographic features (such as fission 
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tracks/radiation damage and inclusions) and dislocations also needs to be better understood. 
Finally, if these endeavors prove successful, there are several ways in which dislocation 
density measurements could be useful to researchers in the future.  
 Improving sample preparation and data collection will require a number of further 
steps, so I recommend that sensitivity to the preparation procedures be determined. This can 
be done by changing up certain aspects of the sample preparation stages, such as varying 
grinding or polishing times, or using different polishing compounds. This would need to be 
done on epoxy mounts of the same sample, with microscope settings held constant for each 
trial. At some point the long-term analytical precision must also be determined. This should 
be done by having a standard mount (Durango fluorapatite being the natural option) on which 
EBSD scans are periodically made and GND calculations performed to determine how 
replicable those calculations are. This would allow for a more accurate estimate of the 
analytical uncertainty. 
In addition to developing the preparation and instrumentation involved with 
calculating dislocation density, other methods of using EBSD data to determine GND density 
ought to be pursued. The method put forth in this paper uses measurements of misorientation 
from EBSD data to then estimate GND density. Others, however, have used the diffraction 
patterns themselves, looking at slight angular differences in Kikuchi lines, to characterize 
strain and dislocations in some materials, in a method known as high-resolution EBSD (HR-
EBSD) (Britton et al., 2013). The computation involved in such calculations, however, is 
quite complex, and since that technique is in its relative infancy, the software capabilities for 
making the calculations are sparse. Finally, there are also ways of using EBSD scan data to 
determine a dislocation density tensor (Calcagnotto et al., 2010). A dislocation density tensor 
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can describe the three-dimensional system of dislocations in a material, thus giving a more 
complete picture of the strain within a crystal.   
Should the optimal method for calculating GND density be fully realized, there are a 
several recommendations I would make to connect those calculations back to other metrics 
that might tell us something about the relationship between dislocations, other crystal defects, 
helium diffusion and AHe age dispersion. The first more practical recommendation would be 
to use EBSD to characterize grains that have already been analyzed using CRH. In this 
scenario, grains would be brought up in epoxy mounts post-CRH and go through the standard 
EBSD procedure. The GND calculations could then be compared directly to the CRH results 
for each grain. This would provide a much more powerful way to understand the relationship 
between crystal imperfections and helium diffusion. This procedure would also require 
comparing the post-CRH samples to unheated ones, in order to determine the effect of high 
temperatures on the annealing of defects.  
The second and more difficult recommendation would be to actually date the grains 
analyzed by EBSD. This is difficult because grains are partially destroyed in the process of 
preparing the mounts, which complicates alpha-loss calculations. In addition, extracting 
grains from the epoxy mounts can difficult and result in lost grains. Grains would also need 
to be properly identified at all stages of the process in order for the dislocation density 
measurements to line up with ages. Despite these difficulties, however, making such an 
attempt ought to take the following approach: (1) separating, picking, and photographing 
individual grains in the same way one would for dating, (2) mounting the picked grains while 
also (somehow) carefully keeping track of which one is which, (3) doing the standard EBSD 
procedure and obtaining the proper measurements, (4) extracting grains from mounts, taking 
  34 
measurements of post-EBSD grain sizes, and finally (5) performing CRH analysis and U-
Th/He dating on the samples. Whether or not such a procedure could work depends on how 
possible it is keep track of grains and extract them from epoxy mounts without destroying or 
losing them.   
Even if these recommendations do succeed in producing consistent, quality data, 
those data need to be actually useful for thermochronologists. Since the guiding impetus of 
this entire project is to identify sources of age dispersion, with the hope that a correction to 
ages may be made to obtain accurate thermochronologic data. One possible way forward in 
this regard is to compare levels of dispersion in both the dislocation density measurements 
and the ages of the same samples. Specifically, one statistical metric that could be used to 
look at this potential relationship is what is known as the index of dispersion. The index of 
dispersion is defined as the ratio of the variance to the mean of a certain population. It is 
possible that in more statistically rigorous data sets, there could be some relationship between 
the index of dispersion in the ages from a sample and in the index of dispersion in the 
dislocation density calculations. Establishing such a relationship would be a powerful way to 
connect dislocations to age dispersion, especially if dislocation density measurements are 
made on the same grains that are dated. 
 
6. CONCLUSIONS 
 Apatite U-Th-Sm/He thermochronologists are only just beginning to understand the 
full extent of crystallographic imperfections and their affect on AHe ages. The methodology 
developed for this thesis is a preliminary trial of a possible way to quantify these features, 
hopefully to the end that at some point a metric may be determined that can be used to 
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correct or otherwise explain AHe age data. In this study, the creation of such a methodology 
has taken the following approach: (1) CRH analysis of apatites from several different 
geologic environments, (2) U-Th-Sm/He dating of those apatites, and (3) determination of 
GND density of grains from the same separates dated. The CRH approach is the one 
established by Idleman et al. (2017) and applied by McDannell et al. (2017), while the 
calculation of GND density is an original methodology using a SEM with EBSD capabilities. 
The preparation of samples for this procedure was developed through a trial-and-error 
method of adapting common sample grinding and polishing techniques. 
 The results of this work show that the metric of GND density may be detecting a 
number of different crystallographic imperfections, not just dislocations. The comparison of 
GND density against other metrics indicates that the relationship between features such as 
radiation damage and GND density is very complex. This could be due, however, to the 
small sample size. One relationship that the current data set does show, however, is between 
age dispersion and GND dispersion, meaning that variations in dislocation density could 
potentially be a cause of age dispersion. These results are promising, but further work must 
be performed in order to improve sample preparation, data collection and data processing. 
While further endeavors will certainly take careful planning and execution, this study has laid 
important groundwork for addressing issues of crystal imperfections in thermochronology. 
The ultimate value of this work is that, while difficult, characterizing and quantifying 
crystallographic features in apatite such as dislocations is possible, and will play an important 
role in our understanding of thermochronology. 
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Appendix 1. Results of CRH analysis. Figures on the left are fractional loss (f) vs. temperature in °C; figures on the right are the first derivative of fractional loss (∂f) vs. time.  In 
order, the samples are: (a) GA1550, (b) NB07, (c) NB54, (d) APL-SCDM-00, (e) APL-CHFD-00, (f) 1989s24, and (g) R9515. Bold, colored lines indicate the average of all the 
sample runs. 
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Appendix 2.  Results of U-Th-Sm/He age calculations. Each sample has multiple grain analyses that are show in separate rows.  Ages presented here are FT corrected.  For each 
sample, U is the measured Uranium content; Th is measured Thorium,; Sm is measured Samarium; Rs(Ft) is the effective radius calculated from grain dimension measurements; 
eU is the effective Uranium. 
Sample Location Age (Ma) 1σ Th/U U (ppm) Th (ppm) 
Sm 
(ppm) 
Rs (FT) 
(µm) eU 
GA1550_01 Mt. Dromedary, AUS 75.76278892 1.972637963 2.337686083 36.70 83.64 293.35 0.8006 56.36 
GA1550_02 Mt. Dromedary, AUS 76.75293378 1.997072481 2.379493096 33.18 76.96 281.13 0.8178 51.27 
GA1550_03 Mt. Dromedary, AUS 72.88007813 1.902789802 2.139450236 48.13 100.38 301.80 0.8498 71.72 
GA1550_04 Mt. Dromedary, AUS 73.49458241 1.912842353 2.463717988 34.17 82.07 295.30 0.8365 53.46 
GA1550_05 Mt. Dromedary, AUS 83.91323592 2.185228849 2.309493616 44.93 101.15 289.06 0.8037 68.70 
GA1550_06 Mt. Dromedary, AUS 84.85680259 2.213427005 2.146946961 39.88 83.46 292.13 0.741 59.49 
GA1550_07 Mt. Dromedary, AUS 74.0040027 1.922808754 2.589102389 31.86 80.42 270.57 0.8365 50.76 
GA1550_08 Mt. Dromedary, AUS 79.06558004 2.060600309 2.249294799 41.80 91.65 289.33 0.7858 63.33 
NB07-2 Namche Barwa, Tibet 9.716302912 0.189909207 1.22887379 27.62 33.94 247.42 0.748 35.60 
NB07-4 Namche Barwa, Tibet 11.80405967 0.228504067 1.242488666 49.06 60.95 603.02 0.715 63.38 
NB07-6 Namche Barwa, Tibet 27.54338229 0.645697263 0.410450107 34.36 14.10 255.75 0.676 37.68 
NB07-7 Namche Barwa, Tibet 24.81062639 0.474444454 1.259874751 37.41 47.13 241.11 0.724 48.49 
NB07-8 Namche Barwa, Tibet 12.40923701 0.240907903 1.044481689 41.26 43.09 408.17 0.748 51.38 
NB07-9 Namche Barwa, Tibet 46.10748586 0.929024223 0.511947991 33.34 17.07 277.41 0.616 37.35 
NB54-1 Namche Barwa, Tibet 13.88641855 0.297410767 3.093160484 6.08 18.81 277.41 0.729 10.50 
NB54-2 Namche Barwa, Tibet 17.0831824 0.385882153 3.308684608 6.16 20.39 278.38 0.677 10.95 
NB54-4 Namche Barwa, Tibet 10.43298113 0.199810883 2.837551735 6.71 19.05 187.55 0.812 11.19 
NB54-5 Namche Barwa, Tibet 10.81222619 0.218529321 2.885253035 6.54 18.87 254.21 0.792 10.98 
NB54-6 Namche Barwa, Tibet 13.92182382 0.261539561 2.919055058 6.24 18.21 241.56 0.757 10.52 
NB54-7 Namche Barwa, Tibet 11.80540954 0.234843819 3.031605682 6.40 19.41 179.37 0.755 10.96 
APL_SCDM_00_01 Appalachians, PA 190.129281 12.62180622 0.035644223 32.16 1.12 227.73 0.879 32.42 
APL_SCDM_00_02 Appalachians, PA 443.6363213 28.77795078 0.051964735 33.77 1.71 218.61 0.8879 34.17 
APL_SCDM_00_03 Appalachians, PA 59.85975368 4.021958641 0.043834404 33.37 1.43 230.53 0.8212 33.71 
APL_SCDM_00_04 Appalachians, PA 146.5661577 9.770032878 0.036461733 32.43 1.15 215.10 0.8538 32.70 
APL_SCDM_00_05 Appalachians, PA 219.0299068 14.50930724 0.034936416 35.66 1.21 216.98 0.8675 35.94 
APL_SCDM_00_06 Appalachians, PA 337.6269262 22.11420712 0.044578238 31.48 1.37 205.82 0.8775 31.80 
APL_SCDM_00_07 Appalachians, PA 172.9528486 11.49948803 0.040614629 31.10 1.23 223.50 0.8662 31.39 
APL_SCDM_00_08 Appalachians, PA 127.5665857 8.5193346 0.166719513 30.17 4.90 213.11 0.8528 31.32 
APL_SCDM_00_09 Appalachians, PA 264.2150808 17.42178822 0.042508205 32.40 1.34 214.54 0.8709 32.72 
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APL_CHFD_00_01 Appalachians, PA 219.8612235 14.54679934 0.229841954 8.25 1.85 84.05 0.6379 8.68 
APL_CHFD_00_02 Appalachians, PA 238.7195711 15.77090529 0.296882035 8.66 2.51 175.79 0.8271 9.25 
APL_CHFD_00_03 Appalachians, PA 184.1558352 12.23758761 0.252079653 4.70 1.15 60.84 0.8303 4.97 
APL_CHFD_00_04 Appalachians, PA 142.0406817 9.459476674 0.277011045 10.16 2.74 165.75 0.8413 10.80 
APL_CHFD_00_05 Appalachians, PA 169.7118882 11.2894221 0.386532191 5.97 2.25 85.08 0.8266 6.50 
APL_CHFD_00_06 Appalachians, PA 174.8080396 11.62771339 0.039771861 5.88 0.23 150.35 0.8473 5.94 
APL_CHFD_00_07 Appalachians, PA 186.3120912 12.37755902 0.047653305 12.59 0.58 93.77 0.8407 12.72 
1989s24_01 
Sierra Nevada Mtns, 
CA 49.93730156 1.509093855 0.460860353 82.18 37.87 179.33 0.8083 91.07 
1989s24_04 
Sierra Nevada Mtns, 
CA 59.33554241 1.781131796 0.668622309 66.73 44.62 212.19 0.7805 77.22 
1989s24_05 
Sierra Nevada Mtns, 
CA 62.85610252 1.892520679 0.577085479 43.33 25.00 155.01 0.7216 49.20 
1989s24_07 
Sierra Nevada Mtns, 
CA 103.2599849 3.07013459 0.99513162 63.46 63.15 206.24 0.7166 78.30 
R9515_03 
Sierra Nevada Mtns, 
CA 64.78119225 1.913861507 1.480870574 37.62 55.71 95.76 0.7192 50.71 
R9515_04 
Sierra Nevada Mtns, 
CA 37.1134964 1.10608468 1.128521827 64.56 72.86 85.68 0.6881 81.68 
R9515_05 
Sierra Nevada Mtns, 
CA 49.66016425 1.48136827 1.283532567 42.52 54.57 99.51 0.617 55.34 
R9515_06 
Sierra Nevada Mtns, 
CA 39.48405978 1.174320992 1.188835 53.77 63.93 106.26 0.742 68.80 
R9515_07 
Sierra Nevada Mtns, 
CA 42.48050171 1.253603754 1.643014767 41.82 68.71 121.08 0.796 57.96 
R9515_08 
Sierra Nevada Mtns, 
CA 38.98772803 1.1544124 1.378461593 44.54 61.39 105.84 0.8104 58.97 
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Appendix 3. Maps of Kernel Average Misorientation values from each scan. Each map is a map of the data from the entire scan area—no cropping of scans was done. The scales 
vary on each map, as different sized scan areas were created in order to account for time constraints or in order to avoid an undesirable area (such as a large crack or grain 
boundary). In each map the step size is 1 µm. The colors represent misorientations ranging from 0° to 5° 
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